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A B S T R A C T

In this work, an advanced dynamically adaptive unstructured mesh technique is introduced to photochemical
modeling, which provides a consistent way to resolve the complex chemical transport processes over a wide
range of spatial scales from meters (near point sources) up to hundred kilometers without the Gaussian
distribution assumption (often used in existing subgrid Plume-in-Grid (PinG) models, such as RPM and
SCICHEM). To assess the performance of the new photochemical model, the numerical results (NO𝑥 and O3)
have been compared to the Southern Oxidants Study (SOS) 1999 aircraft plume measurements, where the
range of the emission intensity is from 1.8 to 13.9 ton/h. The relative error in the peak value of NO𝑥 and O3
is between 10%–20% within 66 km downwind distance. The results show that the use of dynamically adaptive
meshes can reproduce the details of the plume chemistry evolution: the slender puff structure of high NO𝑥
concentrations within a few kilometers width near the point sources, and the wing-like structure of ozone
concentration during the plume growth, which is hard to capture for the PinG models or photochemical grid
models.

1. Introduction

Air quality modeling systems mainly involve three components:
emissions, meteorology and chemical transport. Once air pollutants
are emitted into the atmosphere, the dynamic and chemical processes
would transport and transform them continuously (Garcia-Menendez
and Odman, 2011; Kühnlein, 2011). The interactions between these
processes involve a wide range of spatial scales. The initial transfor-
mation of emissions from urban and industrial centers or dispersion
of plumes from large power plant stacks occurs on relatively small
scales, but would be engaged to much larger scales after long distance
transport (Zheng et al., 2015; Kühnlein, 2011; Behrens, 2006). In air
quality modeling it is challenging to accurately represent the nonlinear
photochemical processes from a very fine scale (a few meters, near
point sources) to a large scale (several kilometers up to 100 km)
simultaneously (Karamchandani et al., 2011).

The large scale grid models are unable to catch the sharp change in
pollutant concentrations, thus leading to an artificial dilution of stack
emissions and incorrect chemical reaction rates (Taghavi et al., 2004;
Arunachalam et al., 2006; Queen and Zhang, 2008). It is known that
the NO𝑥 plume evolution near point sources is dominated by high NO𝑥
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concentrations, thus the ozone formation is suppressed (Ryerson et al.,
2001, 1998). However the artificial dilution of the NO𝑥 emissions in
the grid models results in a short lifetime of NO𝑥 (Kim et al., 2017;
Chowdhury et al., 2015). To overcome this issue, most of existing air
quality models (e.g., CMAQ, CAMx, and WRF-Chem) have incorporated
subgrid-scale Plume-in-Grid (PinG) modules (Karamchandani et al.,
2011, 2000; Mauzerall et al., 2005; Karamchandani et al., 2012).
In contrast to the traditional Eulerian method, the PinG technique
uses the Lagrangian approach to simulate the plume dynamic and
chemical processes (plume initialization, growth and mature stages)
at the small spatial and temporal scales. The results from the PinG
modules are then integrated into the large scale grid models. The PinG
modules can be used for eliminating some error associated with grid
models, thus improving the accuracy of ozone concentrations at the
plume initialization stage. However, they suffer from the limitations in
representation of physical phenomena (e.g., the effect of wind shear),
complex dispersion processes and interaction of plumes between point
sources (Chowdhury et al., 2015; Karamchandani et al., 2011). In
existing photochemical sub-grid scale models (including PinG), it is still
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challenging to capture the wing-like structures of ozone concentration
(occurred at the plume growth stage) over a long distance, especially
for large plume emissions (Chowdhury et al., 2015).

Over embedded sub-grid scale PinG modeling and static nested
grid techniques, adaptive mesh modeling may be the best approach
to resolve multiscale dynamic and chemical processes in a consis-
tent way (Garcia-Menendez and Odman, 2011; Zheng et al., 2015;
Kühnlein, 2011; Behrens, 2006; Weller et al., 2010; Nikiforakis, 2009;
Piggott et al., 2009). In dynamic mesh adaptations, mesh resolution
can be changed automatically to improve the accuracy of model re-
sults, to capture detailed dynamics or follow the chemical evolution of
plumes (Garcia-Menendez et al., 2010). The adaptive grid approach was
introduced to atmospheric modeling (Dietachmayer and Droegemeier,
1992) and an air quality model for an ozone episode by Odman et al.
(2004), Odman and Khan (2002). The dynamic mesh adaption tech-
nique used in their work is mesh movement (i.e. r-adaptivity) where
the nodes are optimally relocated to resolve the small-scale features of
interest. The total number of nodes is fixed in r-adaptivity (Srivastava
et al., 2000; Lagzi et al., 2009; Kühnlein et al., 2012; Nikiforakis,
2009). Another widely used adaptive mesh technique is adaptive mesh
refinement (AMR) (also called h-adaptivity) where the mesh is refined
locally by adding grid points when/where it is needed (Baker et al.,
2013; Constantinescu et al., 2008; Piggott et al., 2005). The combi-
nation of h- and r-adaptive method is called hr-adaptivity where the
mesh is optimally relocated and refined/coarsen to allow for maxi-
mum flexibility in adapting to solution features. More recently, an
anisotropic hr-adaptive mesh technique has been introduced into air
quality transport (advection) modeling (Zheng et al., 2015) which has
been successfully applied to the simulation of about 100 power plant
plumes over the whole Shanxi-Hebei-Shandong-Henan region of China
with a 1090 km × 1060 km domain.

In this work, an anisotropic adaptive mesh photochemical model
(Fluidity-Chem) has been developed by integrating the widely used
Carbon Bond Mechanism Z (CBM-Z) (Zaveri and Peters, 1999) with the
newly developed adaptive unstructured mesh air quality model (Zheng
et al., 2015; Pain et al., 2005; Piggott et al., 2009, 2008a,b). This work
provides a single unified integrated model for resolving chemical reac-
tion and transport processes over a wide range of spatial scales from
microscale (hundred meters) to regional scale (hundred kilometers).
The capability of Fluidity-Chem has been demonstrated by solving the
plume emitted from power plants. A comparison between the numerical
results and SOS 1999 aircraft plume data has been carried out.

The sections of this article are set out as follows. In Section 2, the
governing equation for atmospheric chemical transport modeling and
its numerical discretization are introduced. In Section 3, the photo-
chemical mechanism is first described briefly, followed by introducing
an unstructured mesh fluid model (Fluidity) along with the details of
the dynamically adaptive mesh technique. The integration of Fluidity
and CBM-Z is finally given in Section 3.3. Section 4 demonstrates
the capability of Fluidity-Chem in numerical test cases and provides
the comparison between the computed and observed results and the
corresponding discussion. The summary and conclusions are presented
in Section 5.

2. Multi-pollutant chemical transport models and its discretiza-
tion

In air quality modeling, we consider the generic atmospheric chem-
ical transport equation in a conservative form:
𝜕𝑐𝑘
𝜕𝑡

+ ∇ ⋅ (𝒖𝑐𝑘) − ∇ ⋅ (𝜅∇𝑐𝑘) = 𝑆𝑘 + 𝑅𝑘(𝑐1,… , 𝑐𝐾 ), 𝑘 ∈ {1,… ,}, (1)

where 𝑐𝑘 is the mass concentration of chemical species 𝑘,  is the
number of species, 𝒖 = (𝑢, 𝑣,𝑤)T is the velocity vector, 𝜅 is the
turbulent diffusivity (tensor), 𝑆𝑘 is the source term of species 𝑘, and 𝑅𝑘
represents the net generation of species 𝑘 by chemical reactions, which

is the coupled term between the flow (Fluidity) and chemical (CBM-Z)
dynamics. Eq. (1) can be split into two stages during each time step
[𝑛, 𝑛 + 1]: first, the advection and diffusion are considered,

𝑐𝑛+1,∗𝑘 − 𝑐𝑛𝑘
𝛥𝑡

+ ∇ ⋅ (𝒖𝑐𝑘) − ∇ ⋅ (𝜅∇𝑐𝑘) = 𝑆𝑘, 𝑘 ∈ {1,… ,}, (2)

where 𝛥𝑡 is the time step; second, the chemical reactions between
species are solved (for details, see Section 3.1):

𝑐𝑛+1𝑘 − 𝑐𝑛+1,∗𝑘
𝛥𝑡

= 𝑅𝑘(𝑐1,… , 𝑐𝐾 ), 𝑘 ∈ {1,… ,}, (3)

Integrating equation (2) by parts over the computational domain 𝛺,
its weak form can be written as:

∫𝛺

(

𝜑
𝑐𝑛+1,∗𝑘 − 𝑐𝑛𝑘

𝛥𝑡
− ∇𝜑 ⋅

(

𝒖𝑐𝑘 − 𝜅∇𝑐𝑘
)

)

d𝛺

+∫𝜕𝛺

(

𝜑𝒏 ⋅ 𝒖𝑐𝑘 − 𝜑
̂𝒏 ⋅ 𝜅∇𝑐𝑘

)

d𝜕𝛺

= ∫𝛺
𝜑𝑆𝑘d𝛺, (4)

where 𝜑 is the test function in finite element methods (FEMs), the
hatted term represents fluxes across the boundaries 𝜕𝛺 and 𝒏 is a unit
vector normal to the boundaries.

The discrete matrix form of Eq. (4) can be written as

𝐌
𝒄𝑛+1,∗𝑘 − 𝒄𝑛𝑘

𝛥𝑡
+ 𝐀(𝒖)𝒄𝑘 +𝐊𝒄𝑘 = 𝒔𝑘, (5)

in which the vector 𝒄𝑘 = (𝑐𝑘,1,… , 𝑐𝑘, )𝑇 contains the solution of
variable 𝑐𝑘 at nodes ( is the number of nodes), 𝐌 is the mass matrix,
𝐀(𝒖) is the advection operator, 𝐊 is the diffusion operator, and 𝒔𝑘 is
the right-hand side vector containing boundary and source terms. The
components of 𝐌, 𝐀 and 𝐊 can be written as:

𝐌𝑖𝑗 = ∫𝛺
𝜑𝑖𝜑𝑗d𝛺, 𝐀𝑖𝑗 = −∫𝛺

∇𝜑𝑖 ⋅ 𝒖𝜑𝑗d𝛺,

𝐊𝑖𝑗 = ∫𝛺
∇𝜑𝑖 ⋅ 𝜅∇𝜑𝑗d𝛺, (6)

𝑖, 𝑗 ∈ (1, 2,… , ).

The time derivative term at time level 𝑛 + 1 is obtained using the
𝜃-method:

𝐌
𝒄𝑛+1,∗𝑘 − 𝒄𝑛𝑘

𝛥𝑡
+ 𝐀(𝒖𝑛)𝒄𝑛+𝜃𝑘 +𝐊𝒄𝑛+𝜃𝑘 = 𝒔𝑛+𝜃𝑘 , (7)

where 𝜃 ∈ [0, 1] and the terms 𝒄𝑛+𝜃𝑘 and 𝒔𝑛+𝜃𝑘 are given:

𝒄𝑛+𝜃𝑘 = 𝜃𝒄𝑛+1,∗𝑘 + (1 − 𝜃)𝒄𝑛𝑘, 𝒔𝑛+𝜃𝑘 = 𝜃𝒔𝑛+1𝑘 + (1 − 𝜃)𝒔𝑛𝑘. (8)

Eq. (7) can be rearranged for solving 𝒄𝑛+1,∗:

(𝐌 + 𝜃𝛥𝑡 (𝐀 (𝒖𝑛) +𝐊)) 𝒄𝑛+1,∗𝑘 = (𝐌 − (1 − 𝜃)𝛥𝑡 (𝐀 (𝒖𝑛) +𝐊)) 𝒄𝑛𝑘 + 𝒔𝑛+𝜃𝑘 . (9)

In this work, to ensure stability and suppress spurious oscillations,
the control volume (CV) method is used that is handled through an al-
ternative finite volume discretization by using a dual mesh constructed
around the nodes of the parent finite element mesh. For the time
discretization, the 𝜃 time stepping scheme is used to eliminate the time-
step restrictions and maintain high accuracy as much as possible, where
𝜃 (1∕2 ⩽ 𝜃 ⩽ 1) is chosen to be 0.5 (the Crank–Nicolson scheme)
for most of the elements while large enough (close to 1) for a small
fraction of individual elements with a large CFL number. In this way,
the use of a large time step is acceptable when applying adaptive mesh
techniques into comprehensive air quality models, which can make the
computation much more efficient. For details, see Zheng et al. (2015),
Pavlidis et al. (2015) and AMCG (2014). The variable 𝑐𝑛+1𝑘 at time level
𝑛 + 1 is then updated by considering the chemical reaction in Eq. (3).

The exponential life times of the chemical species range from mil-
liseconds to many years. The wide ranges of chemical transport and
reactions pose challenges for the time integration. For computational
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efficiency, the implicit and exponential time integration schemes are
suggested (Zhang et al., 2011; Santillana et al., 2016; Cariolle et al.,
2017). In this work, the semi-implicity time scheme is adopted for
the transport solver (discussed above) while a sub-time step size adap-
tation strategy for the chemical kinetics solver (see Section 3.1). It
is also worth noting that the exponential time integration schemes
in combination to Krylov subspace methods have the potential to
alleviating the restriction on the time step size from CFL or reaction rate
restrictions, which allows one to use a large time step for resolving the
coupled chemical transport and reaction equations, thus ensuring the
computational efficiency and accuracy (Clancy and Pudykiewicz, 2013;
Gaudreault and Pudykiewicz, 2016; Li et al., 2018). In exponential time
integration schemes, the equations are spitted into linear and non-linear
parts, where the linear part is solved analytically while the nonlinear
part is computed numerically and efficiently in conjunction with Krylov
subspace methods.

3. A single unified integrated photochemical model (Fluidity-
Chem) with use of dynamically adaptive unstructured meshes

In this work, a new photochemical model (Fluidity-Chem) for ozone
formation has been developed by incorporating a widely used chemical
module CBM-Z (Zaveri and Peters, 1999) into an unstructured adaptive
mesh fluid model (Fluidity) which is developed by Applied Modeling
and Computation Group (AMCG) at Imperial College London (AMCG,
2014).

3.1. Photochemical mechanism

Ozone chemistry in the troposphere is driven by two major classes of
precursors: volatile organic compounds (𝑉 𝑂𝐶𝑠) and oxides of nitrogen
(NO𝑥). It is complex and highly nonlinear with respect to the level of
NO𝑥 (Seinfeld and Pandis, 2006). There is a photochemical NO𝑥 cycle
existing between NO𝑥 (NO and NO2) and O3:

NO2 + ℎ𝑣
O2
←←←←←←←←←←←←→ NO + O3, (R1)

NO + O3 ⟶ NO2 + O2. (R2)

In the presence of reactive hydrocarbons(lumped as RH), the steady-
state NO𝑥 cycle will be interrupted by

RH + OH
O2
←←←←←←←←←←←←→ RO2 + H2O, (R3)

RO2 + NO
O2
←←←←←←←←←←←←→ NO2 + 𝑅′CHO + HO2, (R4)

HO2 + NO ⟶ NO2 + OH. (R5)

where the higher carbonyl R′CHO can, in general, continue to be oxi-
dized. While the initiation of the hydroxyl radical OH is generated from
O3 photolysis, the propagation of OH is dominated by the conversion
of NO to NO2 by the alkyl peroxy radical RO2 (or its corollary, the
hydroperoxy radical HO2), as shown in reactions (R3)–(R5). The main
termination pathway is

NO2 + OH ⟶ HNO3, (R6)

which removes both NO2 and OH from the system. There is a competi-
tion between RH and NO2 for the OH radical. Thus, at a high NO𝑥∕𝑉 𝑂𝐶
ratio (such as in a power plant plume), the reaction (R2) or (R6) will
predominate, and suppress O3 formation. As NO𝑥 is depleted , OH reacts
mainly with RH, and accelerates O3 formation (Seinfeld and Pandis,
2006; Hamlin, 2002). This leads to the formation of ozone ‘‘wings’’ at
the edges of plumes.

Due to thousands of species of VOCs, it is necessary to condense the
hydrocarbons mechanism so that it can be used in urban and regional
photochemical modeling. In the late 1980s, EPA sponsored the develop-
ment of Carbon Bond Mechanism(CBM-IV) (Gery et al., 1989) that has

been widely used in Lagrangian reactive plume models (e.g., RPM and
SCICHEM). To better represent regional scale modeling, the modified
CBM-Z version embedded in the Nested Air Quality Prediction Model
System (NAQPMS) (Wang et al., 2001, 2014, 2006) has been used in
this work. It contains 53 species and 132 reactions of which 45 are
related to O3 −NO𝑦 −HO𝑥 inorganic reactions, whereas 87 are lumped
organic reactions according to the types of carbon bond structure.
The detailed reactions and rate coefficients are summarized in Table 2
of Zaveri and Peters (1999). For efficient and robust chemical kinetics
calculation of Eq. (3), the Modified Backward Euler (MBE) solver was
introduced to CBM-Z by specifying a sub-time step 𝛥𝑡𝑠𝑢𝑏 adaptation
strategy (e.g. 5𝑠 ⩽ 𝛥𝑡𝑠𝑢𝑏 ⩽ 60𝑠). For details, see Feng et al. (2017).

3.2. An anisotropic unstructured mesh fluid model (Fluidity) and mesh
adaptive technique

Fluidity is a computational fluid dynamics code capable of numeri-
cally solving the Navier–Stokes equation with the large eddy simulation
(LES) and accompanying field equations on arbitrary unstructured
meshes (AMCG, 2014; Pain et al., 2005; Zheng et al., 2015; Pig-
gott et al., 2009, 2008a,b). The key feature of Fluidity is the use
of anisotropic adaptive mesh technologies. The mesh is adapted to
optimally resolve multiscale flow dynamics in fully 3D as the flow
evolves.

An appropriate error measure algorithm is required to guide how
the mesh is to be adapted (Pain et al., 2001). The mesh quality is
gauged with respect to an error metric tensor, for example, a-priori or
a goal based error measure (Power et al., 2006; Fang et al., 2010). The
error metric is derived from the solution of variables and an error norm
based on the specified interpolation error �̂�. The error metric tensor is
used for calculating the required edge length and orientation of the
adapted elements. For example, for one dimensional (1D) problems,
�̂� = ℎ2𝑒 |𝜕

2𝜓∕𝜕2𝑥|, where 𝜓 is the variable solution (e.g., the species
concentration) and ℎ𝑒 is the element length. In multi-dimensional prob-
lems, for a specified interpolation error �̂�, the error metric is defined as
follows:

𝑀 = 1
�̂�
𝐻 = 𝑉 𝑇𝛬𝑉 , (10)

where 𝐻 = ∇𝑇∇𝜓 is the Hessian matrix for the variable 𝜓 (here, the
species concentration 𝑐𝑘) within an element, 𝑉 is the matrix including
the eigenvectors while the corresponding eigenvalues 𝜆𝑖, 𝑖 ∈ {1, 2, 3}
in the matrix 𝛬. The desired edge length ℎ𝑖 along the direction of the
𝑖th eigenvector of 𝑀 , is calculated by 1∕

√

𝜆𝑖. Taking into account the
maximum and minimum mesh sizes (ℎ𝑚𝑖𝑛 and ℎ𝑚𝑎𝑥), the error metric
tensor is further modified (Pain et al., 2001):

�̃� = 𝑉 𝑇 �̃�𝑉 , (11)

in which the matrix �̃� includes the modified eigenvalues:

𝜆𝑖 = max{𝜆′𝑖 ,
1
𝑎2

max
𝑖=1,2,3

𝜆′𝑖}, (12)

where

𝜆′𝑖 = min

{

1
ℎ2𝑚𝑖𝑛

,max{|𝜆𝑖|,
1

ℎ2max
}

}

, 𝑖 ∈ {1, 2, 3}, (13)

where 𝑎 is the maximum aspect ratio which is introduced to bound
the aspect ratio of elements in the physical space. The maximum and
minimum mesh sizes are set to allow one to impose different limits in
different directions.

During the mesh optimization procedure, the mesh is visited in
turn and local mesh connectivity operations (edge collapsing/splitting,
edge swapping, node movement, face to edge, vice versa) are per-
formed. Numerous interpolation approaches (consistent or conservative
approaches, for example) are available for projecting the variable so-
lution from the previous mesh onto the newly adapted mesh. In this
work, the consistent interpolation (interpolation by finite element basis
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Fig. 1. Coupling of Chemical module (CBM-Z) and Fluidity with use of adaptive meshes. In this work, the meteorological fields are prescribed. The task in the green box is our
future work. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

function evaluation) is adopted in mesh adaptivity (AMCG, 2014). The
dynamically adaptive mesh technique ensures the computational effort
to resolve important fluid dynamics at diverse scales in space and time.
It is noted that the extra computational cost introduced during the
adaptive mesh procedure is about ten percent of the total CPU time.

3.3. Implementation of Fluidity-Chem

The new anisotropic adaptive mesh photochemical model (Fluidity-
Chem) has been implemented by integrating CBM-Z within Fluidity.
The coupling of CBM-Z and Fluidity is summarized in Fig. 1. The
meteorological fields can be prescribed or calculated by solving the
momentum, energy and continuity equations while the spatial and tem-
poral distribution of chemical species can be obtained by solving the
convection–diffusion equation over anisotropic adaptive meshes. In this
work, the meteorological fields are prescribed since the applicability
of Fluidity to atmospheric flows is under development. The gas-phase
chemical kinetics species are resolved at each grid node using CBM-Z.
The mesh is optimally adapted with respect to the solution of selected
species (here, NO and NO2) at a regular time interval. The use of
adaptive meshes enables to capture the details of small scale pollutant
dispersion and chemical reactions near the point sources. The details of
photochemical modeling using the adaptive mesh technique are shown
in algorithm 1.

4. Model performance studies

The performance of Fluidity-Chem with use of adaptive meshes has
been assessed in power plant plume experiments. For comparison pur-
pose, the meteorological and pollutant parameters were used from the
plume photochemistry case in Tennessee on 12th July 1999 (Ryerson
et al., 2001). The adaptive meshes were used to model the multiscale
pollutant transport and chemical processes, especially the evolution and
production of ozone.

4.1. Setup of model experiments

In the following numerical test cases, the computational domain
is 250 km × 250 km in horizontal. A uniform vertical distribution of
wind field was used in cases 1, 2 and 3 (with the assumption of fully
vertical mixing, only one vertical layer is used) while the logarithmic

Algorithm 1: Modeling of photochemical processes

1. Initialization;

(a) Choose the computational domain;
(b) Set the adaptive mesh scheme

i. Specify the error criteria for selected species;
ii. Set the adapted time steps 𝑡𝑎𝑑𝑎𝑝𝑡,𝑘 (𝑘 = 1, 2,…);

iii. Choose the minimum and maximum mesh sizes
and the maximum number of nodes;

iv. choose the aspect ratio for adapting mesh.

(c) Initialize the wind field and provide the background of
chemical species;

(d) provide the boundary conditions;
(e) choose numerical scheme for each variable field to be

resolved.

2. Photochemical modeling using adaptive unstructured meshes
(Fluidity-Chem)
for 𝑡𝑖 = 𝑡1 to 𝑡𝑁 (here is the time loop ) do

(a) Obtain/solve the wind field at current time level 𝑡𝑖;
(b) Solve the advection–diffusion equation and obtain

the spatial distribution of species at current time
level 𝑡𝑖;

(c) Solve the chemical reaction equations at each grid
node:
for 𝑗 = 1 to 𝑁𝑜𝑑𝑒𝑠 do

𝑐𝑎𝑙𝑙 𝐶𝐵𝑀 −𝑍;
𝐞𝐧𝐝𝐟𝐨𝐫

(d) If 𝑡𝑖 = 𝑡𝑎𝑑𝑎𝑝𝑡,𝑘, then adapt the mesh and interpolate
the solutions from the previous mesh onto the new
mesh;

𝐞𝐧𝐝𝐟𝐨𝐫
3. Output and plot the results.
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profile used in the vertical in case 4. At the inflow boundary, the
concentration of pollutants is set to be the same as the background. The
open boundary conditions (stress-free boundary conditions) are given
at outflow.

The CV discretization method is used (Zheng et al., 2015). The
time discretization used here is the 𝜃 time stepping scheme due to its
robustness, unconditional stability and second order accuracy in time
(for details, see Zheng et al. (2015) and Pavlidis et al. (2015)). The
time step, 𝑑𝑡, is set to 400 s in case studies 1, 2 and 4 while the time
step is set to 20, 100 and 400 s in case study 3 (since the wind field
is time dependent). To avoid the instantaneous dilution of the NO𝑥
emissions, a high resolution mesh is provided around the plume source
location. The mesh is adapted with respect to the solution of NO𝑥 (NO
and NO2) every fourth time step. The minimum and maximum mesh
sizes are set to be 100 m and 20 km respectively in horizontal while
25 m and 500 m respectively in vertical. The maximum number of
nodes is set to be 10000, which is large enough to ensure the specified
relative error 0.03 to be achieved. If the number of nodes required
exceeds the maximum number of nodes, the error metric will be scaled,
thus the actual interpolation error in the solutions will be larger than
the specified one (0.03). The anisotropic gradation algorithm is used
to allow for anisotropic bounds on the gradient of the mesh sizing
function.

The dynamically adaptive mesh technique ensures the computa-
tional effort to resolve chemical reaction and transport processes over
a wide range of spatial scales from microscale (hundred meters) to
regional scale (hundred kilometers). The key issue for optimal mesh
adaptivity is the selection of adapted variables, the a-priori error mea-
sure, the length of adaptive meshes and the maximum number of nodes.
In the supplement document — Supporting Information, we provide
further discussion and the corresponding experiments on some issues
for mesh adaptivity, as well as the impact of the time stepping size and
diffusion coefficient on results.

4.1.1. Case study 1: Simplified reactive plume experiment with a constant
wind field

Performance of Fluidity-Chem has been first evaluated in a simpli-
fied reactive plume experiment. The assumptions in modeling setup are
similar to those of Ryerson et al. (1998), where (1) the distribution of
the plumes is vertically uniform within the boundary layer (1000 m),
and (2) the wind speed and direction are constant (with a speed of
5 m∕s). The mesh is adapted in horizontal while only one layer is set
in vertical. The emission intensity of NO𝑥 is set to be 13.9 ton/h and
1.8 ton/h (referred to Ryerson et al. (2001)). The adaptive simulation
is carried out for 40,000 s (about 11 h).

Figs. 2 and 3 display the spatial distribution of the chemical species
NO𝑥, HNO3, O3, HONO, PAN and HCHO at the stable stage (𝑡 = 10 hr).
We can see that the high concentration of NO𝑥 results in depletion of
ozone near the plume source. It is also observed in Fig. 2 that within
the distance of 𝑥 = 35 − 120 km, the ozone enhances at the outer
fringes of the plume while decreases at the plume centerline, which
forms a wing-like profile of ozone across the plum section. In Fig. 3, the
emission intensity (1.8 ton/h) is much smaller than that (13.9 ton/h) in
Fig. 2. Due to the lower concentration of NO𝑥 released, the formation
of the ozone thus starts earlier, at the downwind distance of 20 km. The
ozone is completely enhanced across the plume at 𝑥 = 30 km. The wing-
like structure of the ozone is seen only within the downwind distance
between 20 km and 30 km.

Fig. 4 shows the net ozone production efficiency (OPE) for different
NO𝑥 emission rates from 1.8 to 13.9 ton/h, where the OPE is defined
as the ratio of the integrated net ozone flux to the plant NO𝑥 emission
rate (Ryerson et al., 1998, 2001):

𝑂𝑃𝐸 =
∫𝑆 𝑐𝑜3𝒖 ⋅ 𝒏𝑠𝑑𝑆

𝑅NO𝑥
, (14)

in which 𝒖 is the velocity vector field, 𝑆 is the cross section, 𝑐𝑜3 is
the concentration of net O3, 𝒏𝑠 is the unit vector normal to the cross
section and 𝑅NO𝑥 is the emission rate of NO𝑥 at the power plants. It
is noticeable that a larger 𝑁𝑂𝑋 emission rate leads to a smaller OPE
which is consistent with what was stated in Ryerson et al. (2001). At the
downwind distance of 156 km, 5.36 molecules of ozone are produced,
per molecule of NO𝑥 released from the smallest point source (Fig. 4(d)),
while 1.33 molecules of ozone are generated for the strongest point
source (Fig. 4(a)). Overall, the emission intensity of NO𝑥 strongly
affects the ozone production rate over the downwind area of the power
plant.

4.1.2. Case study 2: Comparison of simulated results with fixed and adap-
tive meshes

To demonstrate the capability of anisotropic adaptive mesh mod-
eling, six benchmarks were carried out using the fixed and adaptive
mesh schemes. The fixed mesh schemes were set up with a mesh
resolution of 10 km, 5 km, 2 km and 500 m while the adaptive mesh
schemes with a maximum mesh size of 20 km and a minimum mesh
size of 1 km and 100 m. The corresponding results using different mesh
schemes are illustrated in Figs. 5–6. It is noticed that a large numerical
diffusion occurs when a coarse mesh is used. We can see that, with
increasing mesh resolution, more details of structure of O3 and NO𝑥 can
be captured. The wing-like structure of ozone is clearly seen within the
downwind distance of 40–150 km of the plants with a mesh resolution
of < 1 km. Also it is illustrated in Figs. 5–6 that the use of a higher
resolution leads to a narrower width of ozone and NO𝑥 plumes. It is also
noticeable that the grid size in adaptive mesh modeling is reduced by
> 95% compared to that in fixed mesh modeling while the accuracy of
results remains. For example, the results using the fixed mesh resolution
of 500m is very close to that using the adaptive mesh scheme with
the minimum and maximum resolution of 100 m (or 1 km) and 20 km
respectively, while the number of nodes used in the fixed mesh scheme
is about 50–130 times that using adaptive meshes.

4.1.3. Case study 3: Plume experiment with a wave-like wind field
The performance of the above anisotropic adaptive mesh photo-

chemical model (Fluidity-Chem) has been further evaluated with a
wave-like wind field. The setup of modeling runs is the same as case
study 1 except for a wave-like wind field defined as follows:

𝑢 = 5 + 2 cos 𝜋𝑡
𝑇
, 𝑣 = 2 cos 𝑘𝑥 + 2 cos 𝜋𝑡

𝑇
, (15)

where 𝑢 and 𝑣 are the velocity components along the 𝑥 and 𝑦 directions
respectively, 𝑘 = 2𝜋∕𝐿, 𝐿 = 50000 × 4

3 𝑚 and 𝑇 = 3600 × 3 𝑠.
Fig. 7 shows the spatial distribution of NO𝑥 and O3 at time levels

𝑡 = 3 h, 6 h and 9 h. Visually the mesh is optimally adapted according
to the evolving flow and pollutant features in time and space, thus
providing sufficient mesh resolution where and when it is required.
The fine mesh is located along the transport pathway of species during
the pollutant disperse and chemical processes. Fig. 8 shows the spatial
distribution of the species NO𝑥, HNO3, O3, HONO, PAN, HCHO (ppbv)
at the time (𝑡 = 10 h). We can see that the use of anisotropic adaptive
meshes enables to catch the details of the small scale pollutant chemical
processes especially the evolution and production of ozone. The wing-
like structure of ozone is clearly seen within the downwind distance of
40–100 km.

Further numerical experiments have been undertaken to estimate
the effect of time step size on solutions. Fig. 9 shows the spatial
distribution of NO𝑥 and O3 at the time 𝑡 = 13 hr. We can see that
the details of spatial structure of NO𝑥 and O3 can be represented more
accurately with a smaller time step size. This suggests that a small
time step size is still needed for complex meteorological fields or when
there are multiple pollutant sources close to each other. The details
of the impact of the time stepping size on simulational results are
further discussed in the Supporting Information (see the supplement
document).
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Fig. 2. Emission rate (13.9 ton/h): the spatial distribution of the species NO𝑥 ,HNO3 ,O3 ,HONO,PAN,HCHO (ppbv) at the stable stage (𝑡 = 10 hr), with the minimum and maximum
adaptive mesh resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 400 s.

Fig. 3. Emission rate (1.8 ton/h): the spatial distribution of the species NO𝑥 ,HNO3 ,O3 ,HONO,PAN,HCHO (ppbv) at the stable stage (𝑡 = 10 hr), with the minimum and maximum
adaptive mesh resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 400 s.

4.1.4. Case study 4 (Cumberland power plant plume): Comparison between
the simulated and observed concentrations of pollutants

To further evaluate the performance of adaptive meshes, Fluidity-
Chem has been applied to the Cumberland power plant plume in
Tennessee on 12th July 1999. The pollutant (NO𝑥) was continuously
released from the Cumberland power plant at the emission rate of 13.9
ton/h at the height of 193.5 m. The comparison between the model
results and SOS 1999 aircraft plume data was carried out. During the
SOS 1999 campaign, NOAA WP-3D aircraft was flown pass upwind and
downwind of the Cumberland power plant, measuring the mixing ratios
of atmospheric species. The design of the flight track (see Figure S11
in the Supporting Information) ensured that the distribution of plumes
was well measured (Ryerson et al., 2001).

In 3D modeling set up, a logarithmic vertical profile of wind field
is used within the boundary layer (2000 m) where an average wind
speed is 5 m/s and the wind direction is almost constant from the
north. Based on the BEIS-2 isoprene emission estimate for the month

of July, the Isoprene Flux is set to be 6.0 ∗ 1015 mol∕m2∕s (Stroud
et al., 2001). A constant turbulent diffusivity is set to 200 m2∕s in
horizontal and 10 m2∕s in vertical for all species. The details of the
impact of the turbulent diffusivity on simulated results are discussed
in the Supporting Information. The simulation period is 0:00–18:00 on
12, July 1999. The adaptive meshes are used to model the multiscale
pollutant transport and chemical processes, especially the evolution and
production of ozone. The minimum and maximum mesh sizes are set
to 100 m and 20 km respectively in horizontal while 25 m and 500
m respectively in vertical. The initial mesh and the adaptive mesh at
𝑡 = 12 h are shown in Figure S10 and Fig. 10 respectively.

Figs. 11 and 12 show the simulated and observed pollutants (NO𝑥
and O3) at different downwind distances of the Cumberland power
plant. Within 66 km downwind distance, the model predicts the slender
high NO𝑥 plumes within several kilometers width where the relative
error in the peak value of NO𝑥 and O3 is between 10%–20% (see Fig. 11).
With the use of adaptive meshes, there is an improvement in modeling
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Fig. 4. Net ozone production efficiency (OPE) with different NO𝑥 emission rates.

Fig. 5. Comparison of NO𝑥 distribution using fixed meshes with a resolution of (a) 10 km (676 nodes used); (b) 5 km (2601 nodes used); (c) 2 km (15876 nodes used); (d) 500𝑚
(251001 nodes used); and adaptive meshes with a maximum resolution of 20 km and a minimum resolution of (e) 1 km (1855 nodes used) and (f) 100m (5046 nodes used).

accuracy, especially the representation of the wing-like structure of O3
concentration in comparison to the published results in Chowdhury
et al. (2015). Further downwind distance of 66–156 km, there is a good
correlation between the observed data and simulated results although
some difference in the peak is noticeable. The discrepancy between the
observed and simulated results may be caused by the ideal wind field,
constant diffusivity and flat terrain assumed in the simulation. This can
be improved by coupling the model with WRF model or atmospheric
model in Fluidity when it is developed in future, where the eddy mixing
can be well represented.

The simulated results illustrate that after NO𝑥 is released from the
point source the evolution of O3 can be divided into three stages: the
initial stage (with a dominant NO𝑥 and ozone titration) within the
distance of 50 km from the point source; the plume growth stage (where
O3 formation starts at the outer fringes of the plume) with the distance
of 50–100 km and the mature plume stage (ozone enhancement across
the plume) within the distance of > 100 km. Ryerson et al. (2001)
pointed out that ozone concentration is enhanced when NO𝑥 < 10 ppbv
while ozone is suppressed at NO𝑥 > 15 ppbv. This is also approved by
both the observed and simulated results in this case (see Figs. 2, 11
and 12). At the initial stage (with the distance of < 50 km), a high
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Fig. 6. Comparison of O3 distribution using different resolution mesh, same as Fig. 5.

Fig. 7. Emission rate (13.9 ton/h) with a wave-like wind field: the spatial distribution of O3 (left) and NO𝑥 (right) at time levels 𝑡 = 3 hr, 6 h and 9 h where an adaptive mesh
scheme is used with the minimum and maximum resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 20 s.

concentration of NO𝑥 (between 50–150 ppbv) in the center of the plume
leads to a depletion of ozone. At the growth stage (50–100 km), the
formation of ozone begins at the outer fringes of the plume (within the
crosswind distance of 3–8 km from the center, where the concentration
of NO𝑥 is less than 10 ppbv), while the ozone is still depleted at the
center of the plume. We can see that the wing-like structure of ozone
can be resolved with adaptive meshes.

In most of existing air quality models, it is difficult to simulate the
details of the wing-like structure of ozone over a long distance due to
the limitation of mesh resolutions in simulations especially for a large
plume emission (Chowdhury et al., 2015). A coarse mesh resolution
leads to the dilution of NO𝑥 across a mesh. Therefore, the wing-
like structure of O3 concentration at the plume growth stage cannot
usually be seen in numerical simulations if the resolution of meshes
is not high enough. In the past years, a number of approaches have

been developed to tackle this challenge, for example, nested/adapted

grids, hybrids modeling and an embedded sub-grid scale plume model

(PinG) (Karamchandani et al., 2011; Srivastava et al., 2001). Among

these approaches, the use of adaptive meshes is the effective and

efficient one that can simulate simultaneously the puff transport and

chemical processes over a range of scales from meters to tons of

kilometers without the Gaussian distribution assumption (often used in

most of existing modules, e.g. PinG). It is illustrated in our test cases

that the adaptive unstructured mesh model can capture the details of

the wing-like structure of ozone concentration in both small and large

plume emissions.
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Fig. 8. Emission rate (13.9 ton/h) with a wave-like wind field: the spatial distribution of the species NO𝑥, HNO3, O3, HONO, PAN, HCHO (ppbv) at time 𝑡 = 10 hr, with the
minimum and maximum adaptive mesh resolutions of 100 m and 20 km respectively, the time step 𝛥𝑡 is 20 s.

Fig. 9. Emission rate (13.9 ton/h) with a wave-like wind field: the spatial distribution of the species NO𝑥 and O3 at time 𝑡 = 13 hr, with different time step sizes of 400 s, 100 s
and 20 s.

5. Conclusions

This article has presented a newly developed photochemical trans-
port model (Fluidity-Chem) for use in simulating the complex dis-
persion and chemical process after plumes are released from power
plants. An adaptive anisotropic unstructured mesh technique has been
introduced to chemical modeling. The mesh is optimally adapted in
time and space in response to the evolving flow and chemical features.
Over most of photochemical models, the use of dynamically adaptive
anisotropic meshes enables us to resolve the plume dynamic and chem-
ical processes (plume initialization, growth and mature stages) from a
small scale (meters, near the point sources) up to a large scale (tons of
kilometers) simultaneously. Evaluation of Fluidity-Chem performance
has been carried out by comparing the simulated results against the
measurements during the plume dispersion and photochemical pro-
cesses. The adaptive mesh can capture the details of the plume chemical
evolution: the slender high-NO𝑥 puff structure at initial stage and

the wing-like O3 structure at the growth stage. Further evaluation of

Fluidity-Chem has been tested with a wave-like wind field. It is noted

that the Fluidity-Chem is not coupled with the atmospherical model

within Fluidity since the applicability of Fluidity for atmospheric flows

is still under development. This will be our focus in future work. First,

the dynamically adaptive mesh photochemical model will be coupled

with existing dynamic fluid flow models (e.g. the Weather Research

and Forecast — WRF model) for resolving the meteorological fields

in realistic cases. The consistent interpolation method used in Zheng

et al. (2015) will be introduced to bridge the unstructured meshes

in Fluidity and structured meshes in WRF. Furthermore, the adaptive

mesh photochemical model developed here will finally be coupled with

the atmospheric model in Fluidity when it is ready.
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Fig. 10. Case study 4 — Cumberland power plant plume at time 𝑡 = 12 h: the different views of 3D plume visualization, surface NO𝑥 concentration(ppbv) and the corresponding
adaptive mesh.

Fig. 11. Comparison of the observed (dash-dotted line with a shade area) and simulated (solid line) perturbation NO𝑥 and O3 (ppbv) for Cumberland plume traverse study at the
downwind distance of 11, 22, 51, 66 km. The observed data are represented as 11-s running average of 1-s values while the shade area represents one standard deviation from the
average value.
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Fig. 12. Same as in Fig. 11 except for at the downwind distance of 99, 112, 127, 174 km. Comparison of the simulated results for different turbulent diffusivity 𝐾 = 100, 200 and
300 m2∕s is shown in Figure S9 in the Supporting Information.
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